A novel Fe(III)-reducing bacterium, designated GSS01
The genus Geobacter of the family Geobacteraceae in the class Deltaproteobacteria was proposed by Lovley et al. (1993) with the species Geobacter metallireducens. At the time of writing, 18 species in the genus Geobacter with validly published names have been isolated from various environments (http://www.bacterio.net/g/geobacter.html), mostly subsurface environments. Phenotypically, members of the genus Geobacter are obligately anaerobic, Gram-negative, non-spore-forming and rod-shaped. Species of the genus Geobacter can also be distinguished by such physiological traits as complete oxidation of acetate and other multicarbon organic substrates to carbon dioxide with the concomitant reduction of Fe(III) (Lovley et al., 2004) .
Dissimilatory Fe(III) reduction is an electron-accepting process coupled to the decomposition of organic matter in anaerobic environments (Canfield et al., 2005) and has great impacts on global biogeochemical cycles associated with nutrient availability, heavy metal toxicity, transformation of organic pollutants and greenhouse gas emission (Fredrickson & Gorby, 1996; Roden & Wetzel, 1996) . Members of the genus Geobacter are often the predominant Fe(III)-reducing bacteria in subsurface anoxic environments (Lovley et al., 2004) and many species of the genus Geobacter have been isolated from hydrocarbon-contaminated environments and freshwater aquatic environments (Coates et al., 1996; Kunapuli et al., 2010; Prakash et al., 2010; Shelobolina et al., 2008; Viulu et al., 2013b) .
In this study, a bacterium designated GSS01 T , capable of growing under anaerobic conditions by oxidizing various substrates coupled to Fe(III) reduction, was isolated successfully and characterized. Based on its phylogenetic position and phenotypic, physiological and chemotaxonomic properties, strain GSS01
T is proposed to represent a novel species of the genus Geobacter.
Strain GSS01
T was isolated from a soil sample taken from the humic layer (3.5 m beneath the surface) of an underground ancient forest in Longfu Town, Sihui City, Guangdong Province. The geographical location is 23 u 229 N 112 u 429 E. Current mean annual temperature in the region is 21 u C, and mean annual precipitation is 1800 mm. The 14 C age of the soil is about 3300 years before present (BP) based on accelerator mass spectrometry 14 C dating. The humic layer had a total organic carbon content of 33.4-49.0 % (Ding et al., 2009) . The soil samples were stored in a thermostatic container at 4 u C and transported to the laboratory. For enrichment, 10 g soil was added to a sterile bottle containing 50 ml sterilized mineral salts medium [MSM; containing (l 21 ) 0.6 g NaH 2 PO 4 , 0.25 g NH 4 Cl, 0.1 g KCl, 2.5 g NaHCO 3 , 10.0 ml vitamin stock solution and 10.0 ml mineral stock solution (Li et al., 2009) ). Anoxic tubes containing MSM supplemented with 10 mM ferrihydrite and 10 mM acetate were inoculated with 100 ml of each dilution and incubated at 30 uC. The highest dilution in which the colour changed to dark grey was then diluted serially and transferred to anaerobic tubes containing fresh medium. The isolation procedure described above was repeated until bacterial purification was achieved. Purity was checked by microscopic uniformity of liquid culture of the isolate, as well as observation that no growth occurred in the anaerobic heterotrophic medium described by Viulu et al. (2013b) .
For observation of cell morphology with a transmission electron microscope (JEM 1400, JEOL), cells were grown to the stationary phase in ferric citrate media with acetate (FCA; recipe obtained from Dr Lovley's lab, University of Massachusetts) for 14 days. The Gram reaction was performed using a Gram Staining kit (HB8278, Qingdao Hope Bio-Technology). Catalase activity was tested with a 3 % (v/v) hydrogen peroxide solution and oxidase activity was determined using an oxidase reagent (bioMérieux). To investigate the temperature range for growth, the isolate was grown at 4, 10, 16, 20, 25, 30, 37, 40, 45 and 50 u C in FCA. Cells of strain GSS01 T were strictly anaerobic, Gramstain-negative and slightly curved rod-shaped, 1.0-1.7 mm in length and 0.5 mm in diameter (Fig. S1 , available in the online Supplementary Material). Flagella were observed when strain GSS01
T was grown with acetate and Fe(III) citrate. Oxidase and catalase reactions were positive. Growth occurred at 16-40 u C and was best at 30 u C.
Growth of strain GSS01
T with acetate as electron donor and ferrihydrite as electron acceptor was monitored. Total Fe(II) was extracted with 0.5 mM HCl for 1.5 h and quantified colorimetrically using 1,10-phenanthroline as described by Wu et al. (2010) . Similar to known species (Viulu et al., 2013b) of the genus Geobacter, strain GSS01 T conserved energy for growth while coupling the reduction of amorphous ferric oxide ferrihydrite to the oxidation of acetate (Fig. S2) .
Utilization of electron donors including acetate (10 mM), ethanol (10 mM), succinate (10 mM), glucose (10 mM), lactate (10 mM), butyrate (10 mM), pyruvate (10 mM), benzoate (0.5 mM), benzaldehyde (0.5 mM), m-cresol (0.5 mM), phenol (1 mM), toluene (0.5 mM), p-cresol (0.5 mM), propionate (10 mM) and malate (10 mM) was examined at 30 u C in the presence of 20 mM ferrihydrite. Utilization of electron acceptors including ferrihydrite (20 mM), Fe(III) citrate (50 mM), Mn(IV) (10 mM), sulfur (1 g l 21 ), nitrate (20 mM), anthraquinone-2,6-disulfonate (AQDS; 1 mM) and fumarate (40 mM) was determined in the presence of 15 mM acetate. Strain GSS01
T was able to reduce ferrihydrite, Fe(III) citrate, Mn(IV), sulfur, nitrate and AQDS but not fumarate when acetate was used as electron donor. Every substrate was studied in three parallel replicates. The novel strain succinate utilized acetate, ethanol, glucose, lactate, butyrate, pyruvate, benzoate, benzaldehyde, m-cresol and phenol but not toluene, pcresol, propionate or malate as electron donors when ferrihydrite was the electron acceptor (Table 1) .
Menaquinone was extracted from freeze-dried cells using methanol according to the protocol of Collins et al. (1977) and analysed using HPLC (model 1260, Agilent) as described by Groth et al. (1997) . For cellular fatty acid analysis, cells of strain GSS01
T and Geobacter sulfurreducens DSM 12127 T (purchased from the DSMZ) were grown in MSM containing acetate (15 mM) and Fe(III) citrate (20 mM) for 14 days at 30 u C. Cells were collected and fatty acids in whole cells were saponified, methylated and extracted according to the standard protocol of MIDI (Sherlock Microbial Identification System, version 6.0B). The fatty acids were analysed with GC (Agilent Technologies 6850) and identified using the TSBA6.0 database of the Microbial Identification System. The G+C content of the genomic DNA was determined by HPLC according to the method of Mesbah et al. (1989) . Strain GSS01
T contained MK-8 as the respiratory quinone, which is typical for the members of the genus Geobacter (Hedrick et al., 2009 ). As shown in Table 2,  strain GSS01 T contained C 16 : 0 (35.0 %), C 18 : 0 (22.9 %) and C 16 : 1 v7c/C 16 : 1 v6c (14.8 %) as the major fatty acids (more than 10 %). The genomic DNA G+C content of the isolate was 60.9 mol%.
To establish the phylogenetic position of strain GSS01 T , genomic DNA was extracted using a DNA extraction kit (Aidlab). The 16S rRNA gene was amplified by using PCR with the universal primers 27F and 1492R (Baker et al., 2003) . The PCR product was gel-purified using a Gel Extraction kit (D2500-01, Omega Bio-tek), cloned into plasmid vector using a TA cloning kit (TaKaRa) and then checked by sequencing both strands. Pairwise sequence similarities were calculated using the EzTaxon-e server (http://eztaxon-e.ezbiocloud.net/; Kim et al., 2012) . Phylogenetic analyses were carried out using MEGA version 5.0 (Tamura et al., 2011) after multiple alignment of the sequence data with CLUSTAL X (Thompson et al., 1997) . Distances were calculated using distance options according to the maximum composite likelihood model and clustering was performed with the neighbour-joining method and maximum-likelihood method. Statistical support for the branches of the phylogenetic trees was determined using bootstrap analysis (based on 1000 resamplings) (Felsenstein, 1985) .
A nearly full-length 16S rRNA gene sequence of strain GSS01 T (1518 bp) was determined. The isolate shared the highest sequence similarity with G. sulfurreducens PCA T (98.3 %) and less than 95.0 % (94.9-91.8 %) 16S rRNA gene sequence similarities with the type strains of all the other recognized species of the genus Geobacter. In the phylogenetic trees reconstructed using the neighbourjoining and maximum-likelihood methods (Fig. 1) , the isolate was grouped as a member of the genus Geobacter and formed a cluster with G. sulfurreducens PCA T .
Chromosomal DNA-DNA hybridization between strain GSS01 T and G. sulfurreducens DSM 12127 T was performed as described by Ezaki et al. (1989) . Hybridization values are means of at least two hybridization experiments (reciprocal and non-reciprocal values). The DNA-DNA relatedness between strain GSS01
T and G. sulfurreducens PCA T was 41.4±1.1 %. This value was below the 70 % threshold proposed for species delineation (Wayne et al., 1987) , suggesting that strain GSS01
T represented a different genomic species from G. sulfurreducens.
In summary, the phenotypic, chemotaxonomic and phylogenetic analysis suggested that the new isolate is a member of the genus Geobacter and related closely to the type strain of the species G. sulfurreducens. T , while the fatty acid profile of G. sulfurreducens PCA T has only a minor amount (2 %) of C 18 : 0 . Therefore, strain GSS01
T is believed to represent a novel species of the genus Geobacter, for which the name Geobacter soli sp. nov. is proposed.
Description of Geobacter soli sp. nov.
Geobacter soli (so9li. L. neut. gen. n. soli of soil, the isolation source of the type strain).
Gram-stain-negative, slightly curved rod-shaped, 1.0-1.7 mm60.5 mm, strictly anaerobic, non-spore-forming and motile. With acetate as an electron donor, ferrihydrite, 
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Geobacter metallireducens GS-15 T (CP000148) T and the closely related species of the genus Geobacter and other related genera. The tree was reconstructed on the basis of 1000 replicates and calculated using the neighbour-joining (NJ) and maximum-likelihood (ML) methods. Bootstrap values (NJ/ML) .50 % are shown at branch points. Filled circles indicate identical branches generated using the two different methods. Desulfuromusa kysingii DSM 7343 T (GenBank accession no. X79414) was used as an outgroup. Bar, 0.01 substitutions per nucleotide position.
Fe(III) citrate, Mn(IV), sulfur, nitrate and AQDS are utilized as electron acceptors, but fumarate is not. With ferrihydrite as an electron acceptor, acetate, ethanol, glucose, lactate, butyrate, pyruvate, benzoate, benzaldehyde, m-cresol and phenol are utilized as electron donors, but toluene, p-cresol, propionate, succinate and malate are not. Growth occurs at 16-40 u C with optimal growth at 30 u C. The major respiratory quinone is MK-8. The major fatty acids are C 16 : 0 , C 18 : 0 and C 16 : 1 v7c/C 16 : 1 v6c.
The type strain, GSS01
T (5KCTC 4545 T 5MCCC 1K00269 T ), was isolated from a forest soil in Sihui, Guangdong Province, China. The G+C content of genomic DNA of the type strain is 60.9 mol%.
